Parkinson's disease (PD) typically presents in sporadic fashion, but the identification of disease-causing mutations in monogenically inherited PD genes has provided crucial insight into the pathogenesis of this disorder. Mutations in autosomal recessively inherited genes, namely parkin, PINK1 and DJ-1, typically lead to early onset parkinsonism. At least two of these genes (PINK1 and parkin) appear to work in the same pathway related to maintenance of mitochondrial functional integrity under conditions of oxidative stress. Dominantly inherited mutations in leucine-rich repeat kinase 2 (LRRK2) and a-synuclein cause late onset PD, generally with Lewy bodies that are characteristic of sporadic PD and there is evidence that these two genes are also in a common pathway. There is also growing evidence from recently undertaken genome-wide association studies that naturally occurring sequence variants in a-synuclein and LRRK2, but also Tau, also confer an increased risk for late onset, sporadic PD. Collectively, these results highlight how understanding pathways for inherited PD are starting to impact ideas about the pathogenesis, some of which may also be relevant to the commoner sporadic disease.
INTRODUCTION
Parkinson's disease (PD) is a good example of the power of molecular genetics to understand a human condition that had previously been thought of as having an impenetrable etiology. The key to identifying that PD can even have a genetic basis was the discovery of the first Mendelian mutations in the SNCA gene (1) , which codes for the a-synuclein protein that is deposited in the classic pathological lesion of PD, the Lewy body (2) . Since then, a number of loci have been nominated and several genes identified for either dominant or recessive diseases that have some characteristics of PD (3 -6) . Recently, two genome-wide association studies (GWAS) have suggested that there are several moderate genetic risk factors for sporadic PD (7, 8) . Therefore, there is an increasing realization that genetics confers a large proportion of the risk for PD in rare families and a modest proportion of risk in the majority of cases.
Here, we will discuss what happens after genes are found. Specifically, we will focus on the use of molecular genetics to identify pathways of genes and discuss how this might relate to the different phenotypes seen in inherited PD and in sporadic disease.
PATHWAYS TO RECESSIVE PARKINSONISM: PINK1/PARKIN (AND DJ-1)
Mutations in the PARK2 gene, which encodes the parkin protein, were reported in 1998 (9), followed by mutations in DJ-1 (10) and PINK1 (11) . Several mutations are now reported in these genes ( Fig. 1 ) and all are associated with an early onset (before the age of 50 years) parkinsonism that responds to dopamine replacement therapy. Pathologically, parkin cases have loss of dopamine neurons in the substantia nigra pars compacta that underlies their movement disorder but do not generally have Lewy bodies, although the number of parkin cases examined is low (12 and references therein). Autopsy results for PINK1 and DJ-1 cases have not yet been reported and so the exact details of the pathology here are unknown.
Parkin is a cytoplasmic and nuclear E3 ubiquitin protein ligase (13) . PINK1 is a serine/threonine kinase that is directed towards mitochondria (14) , where the kinase domain likely faces the cytoplasm (15) . DJ-1 is an oxidative stress protein whose function is not well understood (16) . All mutations are recessive and therefore represent a loss of normal function of each of the proteins and, following from this, loss of any of these three genes leads to a similar clinical syndrome in humans.
Links between these genes have come from modeling loss of function in Drosophila. Knockout of parkin results in mitochondrial abnormalities and apoptosis, particularly in spermatid cells and flight muscles (17) . Loss of PINK1 leads to very similar phenotypes but, more importantly, parkin can rescue loss of PINK1, showing that these two are in the same genetic pathway (18, 19) . Because PINK1 does not rescue loss of parkin function, it can be inferred that PINK1 is genetically upstream of parkin.
Additional studies in mammalian cell culture examining mitochondrial morphology support the concept of a pathway between PINK1 and parkin (20, 21) . There may be some differences between Drosophila and human lines in culture as in the former loss of PINK1 promotes mitochondrial fusion or limits fission (22 -24) , but in the latter PINK1 deficiency is accompanied by shortening, swelling and fragmentation of mitochondria (20, (25) (26) (27) (28) . There is also evidence of loss of mitochondrial membrane potential and mitochondrial enzyme function, particularly of mitochondrial complex I (29) (30) (31) (32) (33) , irrespective of whether morphological changes are seen.
Further support for the idea of a PINK1/parkin pathway comes from studies examining the role of parkin in mitochondrial function. Although parkin is normally cytosolic, it can be recruited to the mitochondrial surface if the organelle loses membrane potential (34) . Recent papers have shown that parkin recruitment is PINK1-dependent and overexpressed parkin promotes the turnover of depolarized mitochondria by autophagy (34 -37) . In the absence of PINK1, there is an accumulation of markers of autophagy around mitochondria suggesting that cells may attempt to compensate for a loss of PINK1/parkin pathway by upregulating the autophagy machinery (28, 38) .
These results suggest that there is an authentic pathway between PINK1 and parkin, with the key output being the destruction of damaged mitochondria through autophagy. However, a number of issues still need to be resolved. First, is the same pathway also relevant for the third recessive parkinsonism gene, DJ-1? DJ-1 is an oxidative stress response protein (39, 40) that can influence mitochondrial function and morphology (41) (42) (43) (44) , possibly via autophagy (45, 46) . Therefore, DJ-1 is a good candidate for being involved in the same pathway, although overexpression of DJ-1 does not suppress PINK1/parkin deficiency phenotypes suggesting it works either upstream of the other two or in parallel.
Second, what is the exact relationship between PINK1 and parkin? There has been a suggestion that PINK1 might directly phosphorylate parkin (47, 48) , although there are also negative results reported (37) . Furthermore, T175 and T217, the two nominated Threonine residues for phosphorylation by PINK1 (47), are not required for parkin recruitment to depolarized mitochondria or for turnover by autophagy (36) . Could the role of PINK1 therefore be independent of a direct action on parkin? Or are there other kinase substrates that are important? In addition, if PINK1 is absolutely required for parkin localization to mitochondria (34, 35, 37) , then how does parkin protect against mitochondrial damage in PINK1 deficient flies? Is there another pathway involved or is recruitment a red herring?
Finally, why do not mice get recessive parkinsonism? If the three different 'loss of function' genes were all involved in different pathways with functional redundancy, then a triple knock out of PINK1, parkin and DJ-1 should increase the likelihood of nigral cell loss. However, such PINK1/parkin/DJ-1 triple knockout mice did not develop nigral cell loss either (49) . It is currently unclear whether the absence of PD pathology in these k/o mice has a simple explanation, such as the relatively short lifespan of mice, or reflects a more specific biological mechanism protecting neurons in mouse models. Identification of the underlying reason for the lack of a full parkinsonian phenotype in these mice could provide a crucial insight into how nigral neurons can be preserved even in the presence of PD gene mutations.
A PATHWAY FOR DOMINANT LEWY BODY DISEASE: LRRK2/SYNUCLEIN
Dominant mutations are inevitably more complex to understand than recessive mutations because there are more mechanisms by which dominance can occur. These include those centered around increased or altered function (gain or persistence of normal function or gain of novel toxic function) and those where loss is important (dominant negative or haploinsufficiency). For the two dominant genes that are most Figure 1 . Genes associated with autosomal recessive early onset parkinsonism. The DJ-1, PINK1 and parkin proteins are drawn approximately to scale, with pathogenic mutations listed above each diagram. DJ-1 is a single domain protein with a critical Cysteine residue (C106) that can be modified in the presence of reactive oxygen species (ROS) to form a sulfinic acid, as indicated. PINK1 contains a mitochondrial targeting sequence (MTS) and a putative transmembrane (TM) region that directs the kinase domain to the outer face of the mitochondria, as well as a C-terminal tail of uncertain function. Parkin is structured with a ubiquitin-like (Ubl) domain at the N-terminus followed by three RING finger domains (R0-R2 for historical regions) separated by an in between RING (IBR) domain, each of which bind two Zn 2+ atoms. For all three genes, there whole exon deletions and duplications that result in loss of protein as well as point mutations that either destabilize or otherwise functionally inactivate the proteins.
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Human Molecular Genetics, 2010, Vol. 19, Review Issue 1 similar to sporadic PD, a-synuclein and LRRK2, human genetic information suggests that they may work by different mechanisms. Several kindreds have been reported with point mutations in a-synuclein. The clinical phenotype generally resembles sporadic PD although with extensive cortical involvement reminiscent of diffuse Lewy body disease at least in some cases (50, 51) . There are also whole gene duplications (52, 53) and triplications (54) (Fig. 2) . Interestingly, the phenotypes of triplication cases tend to be earlier onset, more severe and with more cortical involvement compared with duplication cases, which is nicely illustrated in a large Swedish pedigree (55) . Collectively, these results show that wild-type a-synuclein has properties that can trigger neurodegeneration when expression levels are increased by relatively modest amounts. Perhaps not the only interpretation, but certainly the simplest, is that a-synuclein mutations cause disease by increased function.
Polymorphisms around the SNCA locus are the strongest hits in two recent genome-wide association studies of sporadic PD (7, 8) . This suggests strongly that altered a-synuclein function is important in both familial and sporadic PD, a contention further supported by the presence of the same protein in Lewy bodies (2) . Whether the increased PD risk driven by the SNPs nominated in GWAS is related to dosage of a-synuclein is not yet known, but some early studies suggest a correlation between risk alleles and higher expression levels (56) .
a-Synuclein is a small protein that is inherently prone to misfold a nd to aggregate. Therefore, one of the leading hypotheses is that protein misfolding is critical to the toxic effects of this protein and a property shared by point mutations or by increasing protein load (57) . Several animal models have been built around overexpression of mutant or wild-type a-synuclein (58,59) and, while it is difficult to directly compare different models, there seems to be an approximate relationship between levels of expression and strength of effects. One limitation with most of the available mouse models is that there are relatively modest effects on nigral neuron survival, although viral models in rats and monkeys have generally shown more robust effects.
A dosage effect is not seen with mutations in LRRK2. As discussed elsewhere (60, 61) , there are a series of mutations in different domains of LRRK2 clustering around the two enzymatic GTPase and kinase domains (Fig. 2) . One mutation, G2019S in the kinase domain, is relatively common in populations from North Africa and in these populations there are individuals who are homozygous for the G2019S mutation. Interestingly, the disease in these individuals is clinically identical to heterozygotes (62) . This data do not support a gain of normal function, so presumably the disease in LRRK2 mutation carriers is caused by another genetic mechanism. Possible mechanisms include a dominant negative effect, a gain of novel function or that the overall LRRK2 activity simply has to exceed a pathogenic threshold for the patient to express disease.
One way to try to understand the mechanism of LRRK2 mutations is to compare overexpression with knockout in experimental models. Knockout of the LRRK homologue in worms affects sensitivity to dopaminergic neurotoxins (63) . Variable results have been reported in flies (64, 65) . LRRK2 knockout mice have normal numbers of dopaminergic neurons, do not display any behavioral abnormalities and live to adulthood (66) . In vitro analyses suggest that the loss of LRRK2 changes dopamine neurogenesis via effects on the cell cycle (67) . Overall, the evidence that LRRK2 is required for dopamine neuron genesis or survival in adult animals is therefore modest and while not enough to exclude an important role under some circumstances, the available data do not favor this conclusion.
In parallel, several groups have made mice that express mutant LRRK2 using varying promoters at different levels of overexpression. These include a bacterial artificial chromosome (BAC) with the R144G mutation at 5 -10-fold increased expression (68) , an R1441C knock-in that is at endogenous expression levels (69) . Of the different mouse models, the R1441G BAC mice produced the most dramatic phenotype, with akinesia that is partially reversible by treatment with L-Dopa or the direct dopamine agonist apomorphine, accompanied by impaired dopamine release. No effect of a BAC expressing wild-type LRRK2 was reported. In contrast, there were no abnormalities in spontaneous motor behavior in homozygous R1441C KI mice, although there was evidence of impaired D2-receptor-mediated function. No cell death was noted in either model, although some alteration in dopamine cell bodies and accumulation of tau pathology was reported Figure 2 . Genes associated with dominant Lewy body diseases. a-Synuclein and LRRK2 are shown, not to scale, with pathogenic mutations above the protein organization in red. a-Synuclein has a series of imperfect repeats of the general sequence KTEGV and a central hydrophobic NAC (non-amyloid component) region. This is followed by a C-terminal acidic tail. As well as three point mutations, which are in the repeat region, whole gene multiplications have been reported. LRRK2 is a much larger protein that contains LRRK, Ankyrin (ANK) and Leucine-rich repeats (LRR). A catalytic core of the protein contains a GTP-binding ROC (Ras of complex proteins), COR (C-terminal of ROC) and kinase domains. At the C-terminus is a WD40 repeat followed by a short C-terminal tail.
Human Molecular Genetics, 2010, Vol. 19, Review Issue 1 R23
in the BAC mouse model (68) . Collectively, these results suggest that mutant LRRK2 might have a role in dopamine release in the striatum, although the differences in spontaneous phenotypes raise a question about the possible role of overexpression in these models, especially in light of the lack of dosage effect in humans discussed above. Expressing a different LRRK2 mutant, G2019S, from a tetracycline responsive Calcium/calmodulin-dependent protein kinase II-alpha (CaMKII) promoter even at high levels produced only mild neurodegeneration in regions (striatum and forebrain), where CaMKII is active (70) . However, crossing these to animals expressing A53T a-synuclein from the same promoter exacerbated the abnormal accumulation of a-synuclein aggregates and caused more impressive neurodegeneration. Importantly, there was no apparent neurodegeneration caused by A53T a-synuclein if LRRK2 was removed by knockout.
These data, along with the fact that most human LRRK2 cases have a-synuclein positive Lewy bodies (71) , suggest that LRRK2 and a-synuclein are in the same pathogenic pathway. There are some limitations of all the animal models to date, especially that none have dramatic nigral degeneration and there is perhaps some question about mechanisms that appear to be dose-dependent when the human disease appears not to be. However, they set the scene for more detailed explorations of why LRRK2 affects a-synuclein and how, which will almost certainly influence the PD field for the next few years. Do mutations in LRRK2 or a-synuclein affect mitochondrial function, as we saw for recessive parkinsonism? Overexpression of human WT LRRK2, but not overexpression of LRRK2 mutant or kinase dead LRRK2, protects C. elegans after exposure to mitochondrial toxins (63) . Drosophila overexpressing human mutant LRRK2 are also more susceptible to rotenone than those overexpressing wt LRRK2 (72) . However, LRRK2 knockout mice are not more sensitive to another mitochondrial toxin, MPTP (66) . Co-expression of mutant LRRK2 with A53T a-synuclein results in mitochondrial structural and functional abnormalities in double transgenic mice (70) . Increased expression of parkin can limit the toxic effects of a-synuclein (73, 74) or LRRK2 (72, 75) . However, the reciprocal experiment of parkin knockout does not make phenotypes worse, at least for an a-synuclein model that does not have nigral degeneration (76) .
The difficulty with some of these data is that it is difficult to understand if the effects on mitochondrial function for mutant LRRK2 or a-synuclein are specific and not simply related to cell death. Given that the human data suggest that recessive parkinsonism and dominant PD overlap in that they both have nigral degeneration, it is possible that there are multiple pathways that lead to a common outcome. Further work is needed to understand the details of these pathways, to see if they naturally combine, and this will be discussed below.
We should also ask which, if any, of the different pathways are relevant for sporadic PD. As discussed earlier, several lines of evidence nominate a-synuclein as a link between familial and sporadic Lewy body diseases. Part of the evidence is recent GWAS studies, and it is therefore interesting that the next strongest effect in populations with European ancestry is MAPT, which codes for the microtubule protein Tau. These variants also increase expression of Tau mRNA (8), so presumably MAPT can influence PD risk by a dosage effect as seen for a-synuclein. Mutations in MAPT produce parkinsonism as part of their phenotype (77) and some LRRK2 cases that are clinically similar to sporadic PD have Tau pathology (71) . There is a weak signal for LRRK2 in GWAS in different populations (7, 8) . Collectively, these results suggest that a pathway for dominant PD, which may include MAPT/Tau as a risk factor, does play a role in sporadic disease. Whether the recessive parkinsonism genes are important in the same process is less clear. None of the autosomal recessively inherited PD genes (Parkin, PINK1 or DJ-1) were identified as PD risk loci in the recent GWAS, but such studies are only powered to find relatively common alleles and rare variants may have been missed. Future studies with deeper sequencing approaches are therefore needed to re-assess whether rare variants in these genes are important in sporadic PD.
NEXT STEPS: FINDING SUBSTRATES FOR THE ENZYMES, FINDING FUNCTIONS FOR ALL
Clearly, there is a wealth of information from genetics that indicates at least two pathways for inherited diseases as well increasing evidence that some of these pathways may be relevant to sporadic PD. What are the next key steps to understanding and extending these observations?
Three of the gene products discussed here are enzymes and so it is logical to ask what the immediate substrates are that mediate their effects. There are enough proposed substrates for the E3 ligase activity of Parkin or the kinase activities of PINK1 or LRRK2 that they cannot be reviewed fairly here, although perhaps one illustrative example might be valuable.
One proposed substrate for LRRK2 kinase activity is 4E-BP (78). 4E-BP is a negative regulator of eIF4E, which mediates the binding of the eIF4F complex to the mRNA 5 ′ cap structure and therefore has an important role in the regulation of protein synthesis particularly under oxidative or other stressful conditions. Phosphorylation of 4E-BP results in decreased binding to eIF4E and thus negatively regulates its inhibitory effect on translation. Supporting the idea that 4E-BP plays a causal role in PD pathways, overexpressing 4E-BP protects Drosophila neurons against the toxic effects of increased expression of mutant LRRK2 (78) or knockout of PINK1 (79) in vivo.
However, 4E-BP is a relatively poor direct substrate for LRRK2 at least in vitro as it is less efficiently phosphorylated than LRRK2 itself under conditions where 4E-BP is in excess (80) . In contrast, other kinases such as p38, which is known to be regulated by cell stress (81) , are relatively efficient at phosphorylating 4E-BP directly. Therefore, while 4E-BP and by extension protein translation are probably important in several different forms of parkinsonism, whether we have found a direct molecular link to LRRK2 is not yet clear. Finding substrates for LRRK2, PINK1 and parkin that directly mediate the phenotypes seen in model systems is perhaps the most critical next step for the field as it will help us understand where different pathways intersect.
Finally, understanding the functions of proteins that are not immediately labeled as enzymes is also critical. DJ-1 has had
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Human Molecular Genetics, 2010, Vol. 19, Review Issue 1 several functional properties assigned to it but outside of the oxidative stress response, none has been shown to be critically important for cell loss in dopamine neurons. Even more intriguingly, the function of a-synuclein is not well understood although it clearly is important in synaptic transmission (82) . Understanding this process in more detail, and identifying how this can be modulated by LRRK2, is a critical question in the next few years.
SUMMARY
The above data argue that understanding relationships between genes for similar phenotypes in humans has yielded important insights for the molecular biology of PD/parkinsonism. Two clear themes have emerged. Recessive parkinsonism genes are associated with mitochondrial function and specifically in the selective turnover of damaged mitochondria. LRRK2 and a-synuclein are very likely related to each other, but the nature of this relationship remains to be clarified. Finally, the relevance of these two pathways to sporadic PD is starting to emerge and will be an important area in the next few years.
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